INTRODUCTION
============

Inhalation anesthetics, such as isoflurane, are commonly used in clinical practice. However, accumulating experimental evidence suggests that early exposure to volatile anesthetics can cause neurodegeneration in the developing animal brain \[[@B1][@B2][@B3][@B4][@B5]\]. Furthermore, anesthetic exposure has been reported to show correlations with persistent learning and behavioral deficits \[[@B6][@B7]\]. Various mechanisms have even been proposed for anestheticinduced neuroapoptosis and memory deficits \[[@B8][@B9][@B10]\]. A better understanding of the mechanisms would aid the development of strategies that could prevent or reduce anesthetic-induced apoptosis and memory impairments.

Cyclic AMP response element-binding protein (CREB) is widely involved in learning and memory \[[@B11]\] and in long-term potentiation (LTP) \[[@B12]\]. CREB plays critical roles in hippocampal neurogenesis, neuronal survival and differentiation, and neuroprotection \[[@B13][@B14][@B15]\]. Inhibition of phosphodiesterase-4 (PDE4) leads to increased cAMP levels, resulting in phosphorylation of CREB \[[@B16][@B17]\]. Phosphorylation/activation of CREB (pCREB) was found to be critical for long-term memory consolidation \[[@B18][@B19]\]. Further studies showed that anesthetic isoflurane and sevoflurane downregulate cAMP/CREB signaling \[[@B9][@B20]\].

Brain-derived neurotrophic factor (BDNF) is an important neuroprotective factor that plays significant roles in neuronal development, synaptogenesis, learning, and memory \[[@B21][@B22]\]. BDNF exerts its functions through activation of specific cell surface receptors, TrkB and p75 neurotrophin receptor \[[@B23]\]. Activation of TrkB was shown to be essential for the survivalpromoting functions of BDNF \[[@B24]\]. Furthermore, BDNF activates the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway in neurons \[[@B25]\]. The PI3K/Akt pathway is expressed widely in the CNS, and it mediates cell survival, proliferation, and differentiation. It is also involved in learning and memory formation \[[@B26][@B27]\]. Initiation of the BDNF/TrkB/PI3-K/Akt signal pathway in the hippocampus is crucial for working memory formation \[[@B28]\]. Impaired BDNF-TrkB signaling has recently been proposed in anesthetic-induced neurotoxicity \[[@B29]\].

Genistein, 5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one, is an isoflavone widely present in leguminous plants \[[@B30]\]. Genistein was found to exert a wide spectrum of biological activities, including antioxidant \[[@B31]\], anti-inflammatory \[[@B32]\], hepatoprotective \[[@B33]\], neuroprotective \[[@B34]\], and antimetastatic effects \[[@B35]\]. The present study was performed to determine whether genistein can reduce neuronal apoptosis, modulate cAMP/CREB--BDNF/TrkB/PI3K signaling, and improve memory and learning in rats exposed to isoflurane.

METHODS
=======

Chemicals and reagents
----------------------

Genistein and isoflurane (0.75%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). For expression analysis, antibodies against CREB, p-CREB, cleaved caspase-3, Bcl-2, Bad, Bcl-xL, Bax, β-actin, phosphatase and tensin homolog (PTEN), and mammalian target of rapamycin complex 1 (mTORc1) were purchased from Cell Signaling Technology (Beverly, MA, USA). Akt, p-Akt, GSK-3β, p- GSK-3β, BDNF, TrkB, and p-TrkB were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). PDE4 and Ca^2+^/calmodulin-dependent kinase IV (CaMKIV) were from Abcam. All other chemicals and reagents used in the present study were purchased from Sigma-Aldrich unless otherwise noted.

Animals
-------

This study and its experimental design were approved by the animal experimentation ethics committee of the hospital, and all techniques were performed in compliance with the guidelines issued for the care and use of laboratory animals by the NIH and National Animal Welfare Law of China. Pregnant Sprague--Dawley rats were housed in individual sterile plastic cages under standard animal house conditions (12-h day/night cycle, 23℃±2℃) at 55\~65% humidity levels. The rats were given free access to standard pellet food and water. Animals were monitored carefully for the birth of pups, and the day on which pups were born was designated as postnatal day 0 (P0). The pups were housed in sterile cages and carefully maintained under the same conditions as described above.

Anesthesia exposure
-------------------

Separate groups of rat pups were treated orally with genistein at 20, 40, or 80 mg/kg body weight every day from P3 to P15 along with the standard diet. On P7, the pups were exposed to 0.75% isoflurane (6 h) in 30% oxygen or air \[\~0.3 minimum alveolar concentration (MAC)\] as described by Orliaguet et al.\[[@B36]\] in a temperature-controlled chamber \[[@B5]\]. Rats in the control group were not exposed to isoflurane and were not given genistein. P7 was chosen for anesthetic exposure based on previous studies suggesting that rats are most sensitive to anesthesia-induced neuronal damage during this period \[[@B1]\]. For analysis of neuroapoptosis, cAMP levels, and gene expression, the rat pups were sacrificed 1 h after anesthetic exposure. The animals were perfused transcardially with ice-cold saline and 4% paraformaldehyde in 0.1 M phosphate buffer.

Determination of neuroapoptosis by TUNEL assay
----------------------------------------------

The influence of genistein on isoflurane-induced neuronal apoptosis was determined by TUNEL assay as described by Li et al. \[[@B5]\]. The brain tissues were cut into sections at a thickness of 5 µm, and apoptosis was assessed using the Dead End™ fluorometric TUNEL system kit (Promega, Madison, WI, USA) according to the manufacturer\'s instructions. The numbers of TUNEL-positive cells in the hippocampal CA1, CA3, and dentate gyrus sections were determined and analyzed using NIS-Elements BR image processing and analysis software (Nikon Corporation, Tokyo, Japan). The concentration of TUNEL-positive cells in each region is presented as the number of TUNEL-positive cells/mm^2^.

### Fluoro-Jade B staining

Fluoro-Jade B (FJB) staining was performed to determine neurodegeneration. Hippocampal sections (30 µm thick) were fixed on slides coated with gelatin and dried at room temperature overnight. Slides were rehydrated and then incubated in potassium permanganate (0.06%) for 15 min, rinsed with distilled H~2~O, and stained with FJB. The sections were further incubated with 0.1% acetic acid for 30 min and observed under a microscope (DM IRB; Leica, Wetzlar, Germany).

### Determination of cyclic AMP

Cyclic AMP (cAMP) levels in the hippocampal tissues were determined using a cAMP complete ELISA kit in accordance with the manufacturer\'s protocol (Enzo Life Sciences, Farmingdale, NY, USA). The cAMP levels were expressed as pmol/mg.

### RT-PCR analysis

RT-PCR was performed to assess the influence of genistein on BDNF and TrkB gene expression in the hippocampal tissues of isoflurane anesthesia-treated rat pups. Total RNA was isolated from the hippocampi using Trizol (Invitrogen, Carlsbad, CA, USA), and the RNA concentration was determined using a Nanodrop spectrophotometer (ND 1000; Bio-Rad, Hercules, CA, USA). First-strand complementary DNA (cDNA) was synthesized using the Revert Aid First Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD, USA). PCR was performed according to the manufacturer\'s protocol. The primer sequences for BDNF and TrkB were as follows: BDNF, Forward: 5\'-CGAAGAGCTGCTGGATGAG-3\', Reverse: 5\'-ATGGGATTACACTTGGTCTCG-3\'. TrkB, Forward: 5\'-CCTCCACGGATGTTGCTGA-3\', Reverse: 5\'-GGCTGTTGGTGATACCGAAGTA-3\'. GAPDH expression was assessed as an internal control using the following primer sequences: Forward: 5\'-CCGTATCGGACGCCTGGTTA-3\', Reverse: 5\'-GGCTGTTGGTGATACCGAAGTA-3\'. PCR products were separated on agarose gels (1%) and stained with 0.05% ethidium bromide. Band intensities were analyzed using a Bio Gel imagery apparatus (Bio Rad).

### Immunoblotting

The harvested hippocampal tissues were subjected to expression analysis by Western blotting as described previously \[[@B37][@B38]\]. Briefly, the tissues were homogenized in lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40) with protease inhibitors (aprotinin, pepstatin A, and leupeptin) at mg/mL concentrations for protein extraction. The cell lysate was centrifuged (12,000 *g* for 10 min at 4℃), the supernatant was removed, and the total protein concentration was determined using a protein assay kit (Bio-Rad). Equal amounts of sample protein (50 µg) were electrophoresed in NuPAGE Novex Bis-Tris gradient gels (Invitrogen). The separated bands were then blotted onto nitrocellulose membranes and incubated with blocking solution (0.1% TBST and 5% non-fat milk) for 2 h, followed by incubation with primary antibodies overnight at 4℃. The membranes were washed three times in TBST and then incubated with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) for 60 min. Following five to six washes in TBST, immunoreactive bands were visualized using an ECL detection kit (GE Healthcare, Fairfield, CT, USA) and analyzed using Image J software (NIH Image, Bethesda, MD, USA). Protein expression was normalized relative to the expression of β-actin as an internal standard.

### Behavioral analysis: open field test

P35 rats exposed to anesthesia on P7 were subjected to open field tests to evaluate their anxiety behavior and general locomotory activity. The rats were placed in a white plastic chamber (100×100×100 cm) for 5 min, and exploratory behavior in the novel environment was recorded using a video tracking system (XR-XZ301; Shanghai Soft maze Information Technology Co., Ltd., Shanghai, China).

### Fear conditioning test

Hippocampal-dependent and -independent responses were assessed by a fear conditioning test performed as described previously \[[@B39][@B40]\]. P35 rats were subjected to fear stimuli. Each rat was placed in a test chamber in a dark room. The chamber had grid floors with stainless steel bars attached to a shock delivery system (Coulbourn, Whitehall, PA, USA). The animals were exposed to three tone--foot shock pairings (tone: 2000 Hz, 85 db, 30 s followed by foot shock: 1 mA, 2 s) at 1-min intervals. Animals were removed from the chamber 30 s after conditioning. After 24 h, the same animals were placed in the chamber, one animal at a time for a period of 8 min, in the absence of tone and electric shock. The behavior and freezing response of the animals were recorded. Two hours later, the animals were placed in a test chamber that varied from the first test chamber in context and smell (instead of ethanol, as used in the first chamber, 1% acetic acid was used to wipe the second chamber) in a relatively light room. Freezing responses were documented for 3 min without auditory conditioning stimulus. The auditory stimulus was turned on for 30 s in three cycles with a 60 s inter-cycle interval. The freezing behavior was recorded.

### Learning and memory analysis: Morris water maze test

The Morris water maze test was used to assess learning ability and memory retention. For the Morris water maze test (Shanghai Jiliang Software Technology Co. Ltd., Shanghai, China), a circular pool was filled with warm water (25±1℃) approximately 1.5 cm above a transparent round platform 15 cm in diameter that was placed in any of the four quadrants of the pool. The platform was placed in the same position throughout the training period. P31 rats that were administered genistein and/or exposed to isoflurane on P7 were trained to explore the maze. The rats were trained in two sessions/day for 4 consecutive days. The animals were permitted to swim freely in the pool until they reached the platform. If the rats were unable to find the submerged platform within 60 s, they were directed to the platform and allowed to remain there for 30 s. The swimming path was observed using an automated video tracking system (ANY-maze video tracking system; Stoelting Co., Wood Dale, IL, USA). The time taken by the rats to reach the platform was recorded as the latency.

After 4 days of trial sessions, cued trials were conducted on P35 to evaluate non-cognitive impairments, such as visual impairments and/or any difficulties in swimming. The circular pool was surrounded with a black cloth to hide any visual cues. The rats were subjected to four trials/day. Each rat was positioned in a defined place within the pool during the trials and was allowed to swim and locate the submerged platform, which was attached to a rod fixed \~20 cm above water level. The rod served as the cue. The time taken to locate the cued platform was recorded as mentioned above.

For the place trials, the cloth surrounding the pool and the cue rod attached to the platform were removed. Rats were positioned at random points and allowed to locate the platform; the time taken to locate the platform was recorded.

Probe trials were conducted to assess memory retention. The test was performed 24 h after the place trials. The platform was placed in a different quadrant than where the submerged platform had been during the cued and place trials (target quadrant). The time spent by the rats in the target quadrant searching for the submerged platform was recorded.

Statistics
----------

The results are presented as means±standard deviation (SD) of six independent experiments. Data were analyzed for statistical significance by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test as a post hoc analysis using SPSS (version 22.0; SPSS, Chicago, IL, USA). In all analyses, p\<0.05 was taken to indicate statistical significance.

RESULTS
=======

Genistein inhibited isoflurane-induced neuroapoptosis
-----------------------------------------------------

Several studies have indicated severe neuronal death following exposure to volatile anesthesia \[[@B1][@B41]\]. Consistent with these previous reports, increased apoptotic cell counts were observed 6 h after isoflurane exposure in this study ([Fig. 1A](#F1){ref-type="fig"}). A significant increase (p\<0.05) in the TUNEL-positive cell count was observed in rat pups exposed to isoflurane alone. Staining with FJB, an anionic X fluorescein derivative that specifically stains degenerating neurons, also revealed severe neuronal apoptosis in the hippocampal CA1, CA3, and dentate gyrus regions ([Fig. 1B](#F1){ref-type="fig"}), and increased numbers of FJB-positive neurons were seen in the hippocampi of P7 rat pups that had been exposed to isoflurane. Genistein at 20, 40, or 80 mg significantly (p\<0.05) reduced FJB-positive cell counts, indicating decreased neuronal degeneration. Genistein at a dose of 80 mg, compared with lower doses, decreased TUNEL-positive and FJB-positive cell counts more effectively.

Genistein modulated expression of proteins involved in the apoptotic pathway
----------------------------------------------------------------------------

The greatest susceptibility to anesthetic neurotoxicity is considered to occur at P7, as rapid synaptogenesis and brain development occur at this time \[[@B1][@B42]\]. Therefore, we examined the effects of genistein on the levels of proteins involved in the apoptotic pathway, including cleaved caspase-3. Western blotting analysis revealed marked increases in cleaved caspase-3 levels, a marker of anesthetic-induced toxicity \[[@B1][@B43]\], following isoflurane exposure ([Fig. 2](#F2){ref-type="fig"}). Further, significantly (p\<0.05) enhanced expression levels of proapoptotic proteins, Bad and Bax, were seen with decreased (p\<0.05) levels of the antiapoptotic proteins, Bcl-2 and Bcl-xL ([Fig. 2](#F2){ref-type="fig"}). These alterations in expression indicated increased levels of apoptosis in the hippocampi of P7 rats. The enhanced expression levels of caspase-3, Bad, and Bax proteins were consistent with the changes in TUNEL-positive and FJB-positive cell counts. However, genistein administration to the rat pups prior to isoflurane markedly (p\<0.05) inhibited expression of the proapoptotic proteins Bax and Bad, resulting in significant (p\<0.05) increases in the expression levels of Bcl-2 and Bcl-xL. At all three doses evaluated, genistein enhanced antiapoptotic protein expression and reduced proapoptotic protein expression; however, the effect was more pronounced at a dose of 80 mg than at 40 mg or 20 mg genistein. The levels of Bad and Bax protein expression were reduced to 102.2% and 102.0% respectively, following treatment with 80 mg genistein.

Genistein upregulated CREB activation
-------------------------------------

Initial exposure to various anesthetic compounds causes neuroapoptosis, memory deficits, and cognitive impairments \[[@B44][@B45][@B46]\]. CREB is a significant downstream transcription factor of the cAMP and Ca^2+^ signal transduction pathways that critically regulates the expression of genes involved in memory consolidation \[[@B47][@B48]\]. We assessed the influence of genistein on CREB expression and activation. CREB and CaMKIV expression levels were significantly (p\<0.05) reduced following isoflurane exposure ([Fig. 3](#F3){ref-type="fig"}). Levels of phosphorylated CREB were also markedly (p\<0.05) reduced, while expression of the enzyme PDE4 was upregulated (p\<0.05). Nevertheless, genistein inhibited (p\<0.05) PDE4 levels and enhanced phosphorylation of CREB in a dose-dependent manner. Genistein at a dose of 80 mg significantly (p\<0.05) increased the expression levels of total CREB and CaMKIV to 101.0% and 100.0% respectively. The upregulation of phosphorylated CREB levels could be due to direct upregulation of phosphorylation by genistein or may be due to enhanced expression of CREB by genistein itself. However, the enhanced phosphorylation of CREB along with upregulation of CaMKIV levels suggested activation of CREB and improved CREB signaling.

Influence of genistein on cAMP levels
-------------------------------------

CREB is phosphorylated and activated by the enzymes protein kinase A (PKA) and CaMKIV \[[@B47][@B49][@B50]\]. cAMP accumulation activates PKA \[[@B51]\]. We assessed the levels of cAMP following isoflurane exposure. A marked (p\<0.05) decrease in cAMP levels after isoflurane exposure ([Fig. 4](#F4){ref-type="fig"}) was observed, indicating that this decrease could have contributed in part to the decrease in CREB phosphorylation. Consistent with increased pCREB levels, we observed marked (p\<0.05) increases in cAMP levels after genistein administration. The expression levels of cAMP increased by 0.41%, 0.67%, and 0.81% following treatment with genistein at doses of 20, 40, and 80 mg, respectively. These observations indicate that genistein can increase a part of CREB phosphorylation via the cAMP pathway, thereby upregulating cAMP/CREB signaling.

Effects of genistein on BDNF-TrkB expression
--------------------------------------------

Growth factor signaling induces the intracellular signaling cascade that leads to phosphorylation and activation of CREB \[[@B52]\]. Isoflurane was found to cause significant (p\<0.05) downregulation of BDNF ([Fig. 5](#F5){ref-type="fig"}) and TrkB expression. Activation of TrkB was reduced following exposure to isoflurane. RT-PCR analysis indicated significant (p\<0.05) upregulation of BDNF and TrkB mRNA levels in rats administered genistein prior to anesthetic exposure. Further, BDNF and TrkB protein expression levels were upregulated (p\<0.05). Genistein improved (p\<0.05) TrkB activation in a dose-dependent manner, as indicated by significantly elevated (p\<0.05) phosphorylated TrkB levels; phosphorylated TrkB levels increased by 66.7% after treatment with 20 mg genistein, while 80 mg genistein resulted in an increase of 93.2%. Genistein-mediated upregulation in phosphorylated TrkB levels could be due either to the direct influence of the drug on increased phosphorylation or to the increase in expression of TrkB itself. Genistein-mediated upregulated BDNF/TrkB signaling may have contributed to the increased levels of phosphorylated CREB expression.

Genistein modulated PI3K/Akt signaling
--------------------------------------

BDNF-TrkB-dependent and -independent cascades have been reported to modulate PI3K/Akt signaling, a major cell survival pathway in neurons \[[@B53][@B54]\]. After finding that genistein upregulates BDNF-TrkB expression, we also examined whether it modulates the PI3K/Akt pathway. We observed significant (p\<0.05) reductions in the levels of Akt, GSK-3β, and mTORc1 ([Fig. 6](#F6){ref-type="fig"}). Western blotting analysis revealed significant increases in PTEN levels after isoflurane exposure, indicating downregulation of the pathway. Further, marked upregulation of the phosphorylated forms of Akt and GSK-3β were observed in genistein-treated animals. The levels of mTORc1 were also significantly increased (p\<0.05), while those of PTEN were markedly decreased (p\<0.05). PTEN expression was decreased from 176.1% to 114% after treatment with 80 mg genistein. These observations indicated that genistein activated PI3K/Akt signaling and aided neuronal survival. The observed effects of genistein could be either direct and/or mediated by activation of BDNF-TrkB signaling.

Genistein improved behavior
---------------------------

The general behavior of P35 rats following isoflurane exposure on P7 was examined. In the open field test, minor changes in the behavior of the rats exposed to anesthesia were noticed in comparison with control rats ([Fig. 7](#F7){ref-type="fig"}). The fear conditioning test, a reliable test used to assess learning capacity, was also performed. The fear responses to shock and noise were recorded as freezing responses. The responses to cued and context conditioning of rats exposed to isoflurane alone were significantly impaired (p\<0.05) ([Fig. 7](#F7){ref-type="fig"}). The intensities of the fear responses were much higher (p\<0.05) in rats treated with genistein compared with those treated with isoflurane alone, suggesting better learning.

Genistein improved spatial learning and memory
----------------------------------------------

Learning and memory are the most important features of cognition. We assessed learning and memory in P35 rats using Morris water maze tests. The experimental data revealed negligible changes in the escape latencies of the rats in the different test groups on day 1 of training ([Fig. 8](#F8){ref-type="fig"}). Nevertheless, on day 2, minor changes in the latency were noted between rats exposed to isoflurane alone in comparison with the other groups; however, on days 3 and 4, the escape latencies were considerably longer. Differences were also noted in escape latencies on days 3 and 4 between rats treated with genistein versus isoflurane alone; rats treated with genistein showed a latency similar to that of normal controls.

The cued and place trials were performed to assess the ability of the rats to identify the submerged platform as a measure of their spatial navigation and memory. Rats exposed only to the anesthetic isoflurane showed longer escape latencies than did those in the other groups. This longer latency reflects the effects of isoflurane on spatial learning and memory. While the rats in the anesthetic control group took a longer time to reach the submerged platform in the pool, genistein-treated rats showed significantly better performance ([Fig. 8](#F8){ref-type="fig"}). The animals took significantly (p\<0.05) less time to reach the platform even in the absence of visual cues. Nevertheless, in probed trials, the rats treated with isoflurane alone spent considerably (p\<0.05) less time in the target quadrant, suggesting impaired memory capacity. Rats administered genistein spent a longer time in the target quadrant searching for the platform. These observations indicated memory retention in the rats to search for the platform, suggesting that genistein supplementation significantly improved learning and memory in these animals.

DISCUSSION
==========

Inhalation anesthetics can cause neuroapoptosis in the evolving brain \[[@B1][@B5][@B55]\], and in line with earlier reports, the TUNEL assay and FJB staining revealed that exposure to isoflurane for 6 hours caused robust apoptosis in the hippocampal regions. Further, Western blot analysis was performed to assess the levels of cleaved caspase-3, a marker of apoptosis, and apoptotic pathway proteins. Isoflurane exposure caused significant upregulation of cleaved caspase-3 levels along with increased levels of the proapoptotic proteins Bax and Bad. Whereas the levels of Bad and Bax increased, those of Bcl-2 and Bcl-xL were severely suppressed by isoflurane. Bcl-2 and Bcl-xL are antiapoptotic proteins that belong to the Bcl-2 family. They block the translocation of Bax to the mitochondria, maintain mitochondrial integrity and membrane potential, and prevent the discharge of cytochrome C from the mitochondria and the initiation of apoptosis \[[@B56]\]. The increased levels of Bcl-2 and Bcl-xL with decreased levels of Bad and Bax observed after genistein treatment are indicative of apoptosis suppression. Decreased cleaved caspase-3 levels were observed after genistein treatment. This suppression of proapoptotic proteins and cleaved caspase-3 could have contributed to decreased apoptotic cell counts as observed in the TUNEL and FJB staining assays. These observations suggest the potential protective effects of genistein against isoflurane-induced neurotoxicity.

The PI3/Akt pathway is a major pathway involved in neuronal cell survival \[[@B57]\]. We observed significantly reduced expression of Akt, phosphorylated Akt, and mTORc1 following isoflurane exposure, indicating downregulated PI3K/Akt signaling. Genistein significantly increased Akt, phosphorylated Akt, and mTORc1 expression, while reducing PTEN levels in a dose-dependent manner, leading to activation of the PI3K/Akt signaling pathway. Activated Akt blocks Bad, which eventually leads to release of the antiapoptotic protein Bcl-xL, thus inhibiting apoptosis \[[@B58]\]. Therefore, activation of the pathway by genistein inhibited apoptosis and improved neuronal survival.

CREB plays a major role in long-term memory formation \[[@B47][@B59][@B60]\]. Activation of CREB by phosphorylation is necessary for its function \[[@B52]\]. cAMP levels regulate activation of the enzyme PKA, which phosphorylates CREB \[[@B51][@B61]\]. BDNF is a key target of CREB signaling \[[@B62][@B63]\] and is important in the development and survival of neurons as well as in maturation of the developing brain and regulation of synaptic transmission in the hippocampus \[[@B22][@B64]\]. BDNF/TrkB signaling is a major pathway in neuronal signaling in synaptic plasticity and memory \[[@B10]\].

Reduced levels of cAMP following isoflurane exposure suggest reduced activation of PKA, subsequently leading to decreased phosphorylated CREB levels and thus inhibition of cAMP/CREB signaling. Further, phosphorylated CREB levels suppressed by isoflurane exposure could also be due to decreased CaMKIV expression. Interestingly, significantly increased cAMP and CaMKIV levels along with decreased PDE4 observed after genistein administration indicate activated cAMP/CREB signaling. The increases in expression of BDNF and TrkB at both the gene and protein levels could be due to either direct action of genistein or indirect activation of CREB signaling. Further, BDNF has been reported to stimulate PI3K/Akt signaling, and thus activation of PI3K/Akt signaling also could have been due to increased BDNF expression, as observed with genistein treatment. Thus, genistein-mediated upregulation of PI3K/Akt signaling may have contributed partially to the decrease in neuronal apoptosis.

Isoflurane-induced cognitive dysfunction and memory impairments have been reported \[[@B1][@B3]\]. Genistein was shown to improve the general behavior as well as fear responses of the rats in a novel environment. Fear conditioning tests the spatial memory of rats. Improved responses suggest that genistein enhanced memory in the rats. Further, the behavior of rats exposed to isoflurane was also assessed using the Morris water maze test, which is considered the gold standard for assessing both learning ability and memory retention in behavioral neuroscience \[[@B65]\]. Spatial attainment of learning in the Morris water maze, represented as escape latency, was significantly improved by genistein. In addition, memory retention was higher in genistein-treated rats, suggesting the ability of genistein to improve the learning and memory of isoflurane-exposed rats effectively. Increased CREB-BDNF-TrkB signaling and decreased hippocampal neuroapoptosis observed after genistein treatment could have contributed to improved learning and memory.

CONCLUSION
==========

The results of the present study suggested that genistein effectively activates cAMP/CREB-BDNF-TrkB--PI3K/Akt signaling, suppresses neuroapoptosis, and enhances learning and memory in rats following exposure to isoflurane. Further studies exploring the potential of genistein to reduce anesthetic-induced neurotoxicity are warranted.
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![Genistein effectively reduced isoflurane-induced neuroapoptosis.\
The effect of genistein (20, 40 or 80 mg) on neuronal apoptosis following isoflurane exposure was assessed in the hippocampal regions by (A) TUNEL assay and (B) Fluoro-Jade B staining. Geinstein dose-dependently reduced isoflurane-induced apoptosis. The data are presented as mean±SD, n=6. ^a^Statistically significant differences at p\<0.05 vs respective control. ^b--f^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test.](kjpp-21-579-g001){#F1}

![Genistein modulated the expression of proteins of the apoptotic cascade.\
(A) Western blotting analysis revealed that genistein significantly (p\<0.05) reduced isoflurane-induced raised expressions of cleaved caspase-3, and pro-apoptotic proteins (Bad, and Bax), while geinstein markedly (p\<0.05) up-regulated the expression of anti-apoptotic proteins, Bcl-2 and Bcl-xL. (B) Represents relative expressions of proteins with control expressions set at 100%. The data are presented as mean±SD, n=6. ^a^Statistically significant difference at p\<0.05 vs respective control. ^b--e^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test (Lane 1, Control; Lane 2, Isoflurane; Lane 3, Isoflurane+20 mg Genistein; Lane 4, Isoflurane+40 mg Genistein; Lane 5, Isoflurane +80 mg Genistein).](kjpp-21-579-g002){#F2}

![Genistein effectively upregulated CREB signalling.\
(A) Expression analysis by Western blotting revealed up-regulated CREB signaling in the hippocampal tissues on geinstein supplementation. Genistein significantly (p\<0.05) increased isoflurane suppressed CREB phosphorylation and CaMKIV expression. (B) Represents relative expressions of proteins with control expressions set at 100%.The data are presented as mean±SD, n=6. ^a^Statistically significant differences at p\<0.05 vs respective control. ^b--e^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test (Lane 1, Control; Lane 2, Isoflurane; Lane 3, Isoflurane + 20 mg Genistein; Lane 4, Isoflurane + 40 mg Genistein; Lane 5, Isoflurane + 80 mg Genistein).](kjpp-21-579-g003){#F3}

![Genistein increased hippocampal cAMP levels.\
cAMP levels in the hippocampal tissues following isoflurane exposure was assessed by ELISA. Genistein was found to cause significant (p\<0.05) increase in the cAMP levels in a dose-dependent manner. The data are presented as mean±SD, n=6. ^a^Statistically significant difference at p\<0.05 vs respective control. ^b--e^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test.](kjpp-21-579-g004){#F4}

![Genistein up-regulated BDNF --TrkB signaling.\
The BDNF and TrkB expressions in the hippocampal tissues were assessed both at mRNA and as well protein levels. Genistein dose-dependently increased the expression of BDNF and TrkB at both (A and B) mRNA and (C and D) protein levels. (C and D) Geinstein increased phosphorylation of TrkB. (B and D) Represents relative expressions of proteins with control expressions set at 100%. the data are presented as mean±SD, n=6. ^a^Statistically significant difference at p\<0.05 vs respective control. ^b--f^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test (Lane 1, Control; Lane 2, Isoflurane; Lane 3, Isoflurane+20 mg Genistein; Lane 4, Isoflurane + 40 mg Genistein; Lane 5, Isoflurane+80 mg Genistein).](kjpp-21-579-g005){#F5}

![Genistein modulated the expression of PI3K/Akt pathway proteins.\
(A) Western blot analysis of the PI3K pathway proteins revealed that genistein upregulated the expression of Akt, GSK-3β, phospho-Akt and phospho- GSK-3β and mTORc1 while suppressed PTEN, signifying activation of PI3K/Akt signaling cascade. (B) The data are presented as mean±SD, n=6. ^a^Statistically significant difference at p\<0.05 vs respective control. ^b--f^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test (Lane 1, Control; Lane 2, Isoflurane; Lane 3, Isoflurane+20 mg Genistein; Lane 4, Isoflurane+40 mg Genistein; Lane 5, Isoflurane+80 mg Genistein).](kjpp-21-579-g006){#F6}

![Geinstein improved the general behavior of P35 rats following isoflurane exposure at P7.\
(A) The behavior of the rats in a novel environment was assessed by open-field test. Geinstein treatment improved the movement of the rats in comparison with isoflurane-alone exposed rats. (B) Genistein enhanced the freezing responses of P35 rats in context and cued fear conditioning tests. The data are presented as mean±SD, n=6. ^a^Statistically significant difference at p\<0.05 vs respective control. ^b--f^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test.](kjpp-21-579-g007){#F7}

![Geinstein effectively improved learning and memory of rats in the Morris water maze tests.\
(A) The escape latency of the rats during training sessions reveals that geinstein treatment reduced the latency time. (B) Genistein treatment enhanced the performance of the rats in identifying the submerged platform at a shorter latency time demonstrating effectively improved spatial navigation in cued and place trials. In probe trials geinstein-treated rats spent longer time looking out for the platform in the target quadrant in comparison with isoflurane-alone exposed rats, indicating improved memory retention on geinstein treatment. The data are presented as means±SD, n=6. ^a^Statistically significant at p\<0.05 vs respective control. ^b--f^Significant differences (p\<0.05) between mean values as determined by one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test.](kjpp-21-579-g008){#F8}
